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IP.  I.  NOTION 


This  1  the  initial  report  Tor  the  "Melt-Grown  Oxide- 
Metal  Composite”  research  project,  AH PA  Order  No.  1657,  and  it 
covers  the  contract  period  1  July  1970  through  33  December  1970. 
I  he  technique;:  u  tul  to  sruw  till  •  uni  cue  c  1&  t  s  oT  mat  erials  con¬ 


tain!  nr  nariy  million  o:  "e. 


’  x/liamu*  cr  tungsten  fibers 


per-  :quare  con*  l  mo*  r,  .ni  formly  die-  rituied  in  a  refractory 
oxide  tie. t. rix,  v; ill  be  briefly  reviewed  to  provide  background 


in  forma*  Lon  f  r  in\  •■•n  ret  i:.r 


and  subsequent  reports.  The 


major  research  oD'ec'iV'  of  *  ■  various  areas  of  this  project 


are  also  outlined. 


A  modified  floe ting- 2 one  technique  has  been  used  tc  prow 
single  crystals  of  r  fractory  oxides  and  is  employed  to  prow  the 
oxide-metal  composites .  in  this  technique  pressed  rods  of  the 
oxide -m« till  mixture  are  sintered  inside  rf  heated  molybdenum 
tubes  in  an  iner*  tmo sphere  ‘o  dersify  and  preheat  the  material. 
(A  typical  growth  arrangement  is  shown  schematically  in  Figure  9 
1 1  * hi ’  report. )  After  the  initial  heating,  which  also  serves 
to  increase  the  electrical  conductivity  of  the  oxides,  the  molyb¬ 
denum  tube  heaters  are  separated  to  expose  approximately  2  cm 
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of  the  rod  *0  an  rf  T’ield  of  3  to  3-'  megahertz,  depending  on  the 
material  to  be  melted.  The  concurrent  increase  of  temperature, 
electrical  conductivity,  and  resistance  heating  continues  until 

O 

the  ii  ’’erior  of  the  rod  melts  at  temperatures  up  to  300^  v  •  *h* 

high  radiant  heat  loss  from  the  surface  and  the  inherent  low 
thermal  conductivity  of  the  oxides  maintains  the  skin  of  the  rod 
well  below  ’ he  eutectic  temperature  of  the  mixture.  Composite 
growth  is  obtained  by  moving  the  molten  zone  up  through  the  rod. 
In  practice  a  cavity  is  generated  in  the  molten  zone  because  of 
►  j;<>  d  1  f f e rf,tcfe  in  d*  nr i ty  between  the  initial  polycrystalline 
rod  an  1  solidified  composite.  During  growth,  the  oxide  and  metal 


me  1 f  ■ 

from,  tha 

roof  of  ’ 

hi;  cavity  and  • 

■1  lui  fit.r  at  the  base. 

Pu  ring 

• :  e  'row 

of  pure  oxides 

it  was  found  advanta- 

gPOU; 

*  0  ro ca,(i 

*he  rod. 

a*  speeds  al  ove 

300rpm.  During  rotation 

the  molten  mat  •’’rial  is  cfin*  ritupally  cast  again;  t  the  .  ides  ol 
the  cavity;  tttuo,  the  liouid- solid  interface  is  modified  so  that 
crystallization  in  the  center  of  the  rod  lead"  solidification 
near  the  circumference  of  the  rod  and  promotes  the  uniform  growth 
of  one  crystallographic  orientation  across  the  entire  melted 
zone.  The  need  for  rotation  during  the  growth  of  oxide-metal 
composites  is  unresolved  at  present  because  similar  structures 
have  been  successfully  obtained  both  with  and  wi  hout  ro • ation. 
The  occurrence  of  cell  or  grain  boundaries  across  the  composite 
structure  may  minimize  the  need  for  the  liquid-solid  interface 
geometry  produced  by  rotation.  To  date  ordered  oxid*  -metal 
structures  have  been  achieved  in  the  systems  U0?-W,  stabilized 
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m.  J. 
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ZrO?-W,  and  (U,Th)0?-W. 

rhe  primary  technical  objective  of  this  project  ir  to 
under:-  taud  the  solid! fication  processes  leading  to  cou?  led  growth 
and  1  de red  micro structures  after  melting  oxide-metal  mixtures, 
and  to  s  access  bully  produce  useable  samples  of  these  composite, 
and  evaluate  their  use  for  practical  applications.  The  potential 
U£P  of  these  composites  for  electron  emitters  is  being  investiga¬ 
ted  first  because  structures  containing  between  4  and  o  million 
exposed  W  fibers  per  square  centimeter  can  easily  be  attained. 

The  research  program  is  divided  into  five  areas  to  meet  these 
objectives . 


A.  UNIDIRECTIONAL  SOLIDIFICATION  BEHAVIOR  OF  OXIDE- METAL  SYSTEMS 

A  SvUd^y  o;  the  chemical,  thermal,  and  mechanical  varia¬ 
bles,  active  luring  solidification  of  nume?.*ous  oxides  and  oxide- 
metal  systems  is  in  progress  to  understand  the  parameters  which 
control  successful  oxide-metal  composite  growth.  Analysis  of 
solidification  in  systems  wi.ich  do  not  yield  ordered  eutectic 
structures  may  prove  equally  as  valuable  as  studies  of  systems 
which  readily  achieve  ordered  structures. 


3.  STRUCTURAL  AND  CHEMICAL  CHARACTERISATION  OF  OXIDE-METAL 
COMPOSITES 

The  composite  growth  morphology,  orientation  relationship: 
and  composition  profiles  are  being  studied  using  predominantly 
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x-rdv  ii lor.  a:.J  canning  *leetror.  microscopy  technique**. 
:M  •  inform* ioi.  will  it.  ,*i~Lij..*l  wiu.  olidifieeiicB  nudic 

-°  ••t*Dli-{  •*.«  ?  nrv.-* ••*•  run*  rolling  x!U—*v*if«l  roliiiflcn- 
•  io*.  '  Ohavl  !. 


*  •«  j%*,**,r  */'  v  * t  *  nr  v*  »  m  •  «im 

*  . .  «.  Jr  .  .*r .  -  .  :•  j.*  AHilAi. 


lurren:  ma*  :.<-*vtt  leal  Itoerlptioni  of  titecron  entls- 
.•io:.  from  point  source:*  nr*  used  to  calculate  optional 

:oo:.vv  r  f!*l  !  an*  •  n-micnlc  rmi.ulon  fro::.  •  h* 


ojti<3e*m®t*l  coaposlten .  .  t.;*:e.  will  :<  correlated 


With 


*:.*•  al  a ml r  ilor.  ::  east;  roncn*  .*  ‘o  n»  1;  inter*  T%»  tn« 

1CV.  tl  •  1‘‘  !•  i  I .  lor. 


.  FORMATION  OF  OPTIMUM  EMITTING  ARRAYS 


Sxpori&enls  arc  in  progress  in  model  oxide-metal  system* 
v;F.ich  reftdily  form.  ordered  structure®  (e.g,  V  with  U0.„  and  FrO^) 

c  c 

to  .  -ablirh  the  influence  that  controllable  growth  parameterr 
exert  on  the  micro*  true*  ure .  Future  growth  studies  will  be  de¬ 
signed  to  alter  existing  oxide-metal  geometries  toward  structure 
which  the  theoretical  anal yrir  rhov.v  will  yield  optimum  emitting 
performance.  Chemical  and  electrolytic  etching  are  being  ter ted 
ar  techniquer  to  nhape  the  >;  pinr  for  enhanced  field  cmi  rion. 
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..  ELtCraoa  KHT/SIOK  K-:ACURHMFJIT3 

Suitably  t  repar^l  cor.poritec  are  being  to  ted  an  tHodos 
•  ••valua*  •*  their  u.  *  a  yield  emitters.  Thermionic  toning 
i  planned  in  th<>  future.  The  emission  per  romance  is  being 
•  i4i*i  nr  a  function  of  array  geometry,  and  the  electrical  vari¬ 
able  o:'  riel  i  -trenrth,  interelectrode  spacing,  and  current 
ier  i-y.  These  ‘udiec  will  establish  the  potential  or  oxide- 
•_  ti_  compo.  iter  for  use  a;  electron  emitters • 

0- '  r  applications  where  these  composites  could  prob&Uy 
•,  ,,  u  ed  include  electro-optic  devices  and  in  microcircuit  struc- 
.  pheso  topics  will  be  reviewed  to  rind  specific  areas 
where  the  oxide-metal  structures  would  offer  definite  advantage? 
over  ore  sen*  technology. 
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SECTION  II 


UNIDIRECTIONAL  SOLIDIFICATION  3EHAVT0R  OF  OXIDE- METAL  SYSTEMS 


Melting  and  subsequent  controlled  solidification  of 

refractory  oxides  and  oxide-metal  mixtures  have  been  previously 
1, 2,^4 

accomplished  using  high  (4  to  30mhz)  frequency  rf  heating. 

This  technique  is  limited  to  systems  that  have  sufficient  elec¬ 
trical  conductivity  at  elevated  temperatures  to  support  eddy- 
current  heating  at  the  level  required  to  produce  internal 
melting.  During  the  first  half  of  this  contract  period  a  num¬ 
ber  of  oxides,  binary  oxide  compounds  and  oxide  mixtures  have 
been  tested  to  determine  their  suitability  for  internal  melting 
using  the  rf  coupling  scheme. 


All  of  the  materials  studied  were  made  into  3/4  inch 
diameter  pellets  by  pressing  -325  mesh  powders  in  a  two  punch 
steel  die  at  about  2500  psi.  These  prepressed  cylinders  were 
then  placed  in  an  evacuated  rubber  envelope  and  hydrostatically 
pressed  to  50,000  psi  to  increase  their  density.  Final  pellet 
height  varied  from  1/2  to  1  1/2  inches. 


Before  an  attempt  was  made  to  rf  couple  to  any  pellet, 
it  was  either  sintered  in  a  ceramic  processing  furnace  or  in 
a  one  inch  diameter  inductively  heated  SiC  cylinder.  The 
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sintered  test  pellets  were  placed  Inride  L’i  '  tute  w.nlch  pre- 
heated  the  pellets  to  temperatures  between  -  ar*d  lu'  and 
increased  their  electrical  conductivity  prior  to  tne  n  -*F-‘^‘g 
test.  The  fiC  tube  was  located  inside  the  work  coil  of  a  97 
rf  generator  which,  after  preheating,  allowed  tne  melt ini  beha¬ 
vior  of  these  .materials  to  be  testeu  ty  r imply  removing  th<  hot 
hiC  o reheater  and  exposing  the  test  pellets  to  the  ri  Jiold. 


EXPERIMENTAL  RESULTS 

A  compilation  of  the  test  results  including  preheat 
temperatures,  rf  coupling,  and  melting  behavior  and  miscella¬ 
neous  comments  for  the  three  classes  ol'  materials  -  oxides, 
oxide  compounds  and  oxide  mixtures  -  are  presen  .ed  in  Tables  - > 
II,  and  III  respectively. 

Of  the  single  oxides  tested  (Table  I),  only  CeO?  formed 
a  stable  molten  ’one.  Cr  A,  TiOp  and  NiO  might  also  be  success¬ 
fully  melted  if  their  stoichiometry  problem  can  be  overcome.  If 
the  electrical  conductivity  of  AlgOg,  MgO  and  Y2O3  can  be  in¬ 
creased  by  higher  preheating,  increased  density,  or  doping  with 
impurities,  these  materials  are  also  candidates  for  internal 
melting  by  induction  heating.  The  use  of  a  higher  frequency 
rf  field  may  also  increase  the  chances  of  melting  Pr^O^. 
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Of  the  oxide  compounds  tested.  Table  II,  iron  titanate 
appeared  to  be  the  best  candidate  for  rf  melting  if  the  cracking 
problem  can  be  controlled  by  slower  preheating.  BaTiO^  and 
Cr  '{■  Qg  are  also  attractive  material:  for  further  testing,  using 
a  higher  frequency  field  for  the  BaTiO^  and  a  higher  preheat 
t e rnp e r ature  for  tn e  C r-Y~0.  . 

"he  tabllized  zirconia  .mixtures  described  in  Table  III 
all  formed  :  table  internal  molten  zones  when  subjected  to  a 
2?  JfthE  field.  If  the  hi  :h  MgO  compositions  of  the  Ni0-Mg,0  solid 
solution  asrlfts  were  preheated  to  a  higher  temperature,  they 
also  i.n-  '  to  goo  i  car.  i i  dates  for  internal  melting.  ZnO  readily 
couple-  i  •  Too  rf  fi“l  I  .*  sublimed  sadly  prior  to  melting  (see 
fa:  1 ) .  1  r  .ix*  .r-  shown  in  Ta  >3  <  III  were  an 

*  *  cr-V  e  a  ‘  i:  h  •  .*  re*  lc  me]  t  be]  w  the  sublimation 
r-o i r. *  f  Ij.  7  •  a**  •  w-  re  only  partially  successful. 

h  -  :  recoding  *  abler  Indicated  then  wer-  four  principle 
re a  one  why  stable  internal  m  lten  zone!  were  not  achieved  in 
**  ■  "N'o  rials  ‘ostei.  There  are : 

'  1 )  71.-'  of  fluency  f  induction  coupling  war  too  lov?  to 

;  r  "lie  "he  rovmr  necessary  4  e  achieve  an  internal 

•  'I*  on  zone. 

urface  of  sample  reliefs  did  not  emit  enough 

*  dermal  energy  4o  remain  solid  and  contain  the 
molten  rone. 

lfc 


(3)  The  specimens  broke  up  due  to  thermal  stresses,  and 

(4)  The  starting  materials  were  unstable  because  of 
sublimation  or  stoich'.ometry  changes. 

There  are  a  number  of  approaches  which  may  be  used  to 
improve  the  chances  of  successful  induction  melting  oxide  mate¬ 
rials.  Improved  coupling  efficiency  can  be  obtained  with  higher 
rf  frequencies,  closer  sample  coil  geometries,  and  increased  rf 
power.  Highei  preheat  temperatures,  impurity  doping,  and  stoi¬ 
chiometry  control  can  be  utilized  to  increase  the  electrical 
conductivity  o'  the  oxides.  Further  work  with  the  oxides  is  in 
progress  to  exploit  the  above  possibilities  for  increasing  elec¬ 
trical  conductivity.  Glassy  carbon  preheat  tubes  have  been 
received  and  will  be  use  1  to  increase  the  preheat  temperatures 
of  those  materials  that  aj neared  close  to  coupling  at  lower 
temperatures . 
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SECTION  III 


STRUCTURAL  AND  CHEMICAL  CHARACTER! TATI OK 
OF  OXIDE- METAL  COMPOSITE:' 


Scanning  electro:,  microscopy  (SEM),  non-di sperslve  x-ray 
analysis  and  various  x-ray  diffraction  techniques  were  selected 
as  suitable  methods  for  the  characterization  of  melt-frown  oxide- 
metal  composites.  A  program  war  devised  which  will  ensure  a 
comprehensive  and  efficient  characterization  of  composite  speci¬ 
mens  using  these  three  techr.i  :ue:  .  A.  j  <-ct.  of  thir  program  which 
were  covered  in  ‘his  re:  r*  period  included  an  evaluation  of  the 
backscattered  and  .  econ  iary  omlrrion  mod*  of  operation  in  the 
SEM,  an  analysis  of  the  information  obtainable  from  scanning 
electron  stereomicrographs,  an  SEM  study  of  metal  fiber  growth 
forms  in  selected  sampler,  the  development  of  procedures  for 
x-ray  orientation  studies,  and  the  determination  of  some  initial 
orientation  relationships  and  lattice  parameters  using  x-ray 
techniques.  In  addition,  various  pieces  of  equipment,  notably 
a  new  oscilloscope  camera  for  the  SEM  and  a  doubly  bent  graphite 
monochromator  for  the  x-ray  diffractometer ,  wore  installed.  These 
items  will  improve  the  efficiency  and  minimize  the  costs  of  the 
characterization  program. 
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A.  CHARACTER! ZATI ON  PROGRAM 

comprer.ensiv**  characterization  program  for  the  oxide- 
r.“  a  1  composites  la  outlined  in  the  following  steps: 

.  In!  rmation  :  filer  cro;  sections,  fiber  geometries  in 
xi  ie  ."V.rix,  uni  metal  fi :  er-  ‘  o-oxide  Matrix  volume  and 

"ill  be  c  Heeled  using  polished  sampler  examined 
“ '“•*  **’-  1*ow  viewing  •»:.  •R‘  '<-  °)  a nd  aifll  M  r  itioi'n  be- 

.  ,000.*.,  Apart  iron  *n*  usually  uaad  emissive  mode 
of  alaetron*  win  ba  used  a-  magnifications 

for  *.*.e  ••/ar.lr  at:  n  of  tne  «acre>«tructur»  within 
•r  nth  re.-:  • .  Sawl  quantitative  chtwleal  analysis 

Vlk'  *n*rgy- di *  pariivi  dat actor  in  tha  8SM» 

ill-  !  t  rc  jedur-  .  It*  t  .!  analytical  -echr.i  |j.  will  be 

..‘o :'  <  !  .  •  ‘  •  »• 


oxlda-Mtal  orlantatl  ralatlonahipa  and  la** 
r- a -r  will  •  lata.mll1  t  u  lng  X-ray  Vce  :  ;u»-r.  Or! cr.ta- 
' .’’“la*  I  u  w!  1  ‘  i  acror  •  hr  eve  ra  1 1  composite 

area  t  Satamint  praf  rrad  w  n  Si  motions*  nirifla'  natal 
oolu&llltlss  will  ha  inf  am  i  fJ*o«  la'tic*  rar&ne’or  mearurev !  ■  . 

I''°'  "  Aoaijraa  HiU  hi  'arr:  .  j*  -.ring  anical  ly  ;o]Irhed 
am:  1*  . 


*  jCi 


3*  i  ol lowing  aul fcal  la  chemi  cal  etching  *<  -  -  x:  r*'  *  he  .metallic 
fihars,  the  taaplaa  -lulled  vindar  (1)  and  (,M  afeovs  will  again 
r  “X'lmin0 !  It.  the  .PM  u  it.g  primarily  r**,r»  micrograph*)  *o 
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analyze  the  shapes  and  forms  of  the  metal  fibers.  These  results 
w  11  oe  correlated  with  the  orientation  data,  growth  conditions 
an  d  e  t  c  h  i  n  g  rn e  t  ho  a  s . 

t.  In  selected  samples  electron  diffraction  techniques  and 
conventional  and  high  voltage  electron  microscopy  will  also  be 
utilized  for  ’pocific  characterization  purposes. 


a 


(oxide-metal  eutectic)  structure.  The  larger  grain  or  cell 
structure  shown  in  the  previous  figures  is  also  present  in  this 
type  of  sample.  An  analysis  of  the  parameters  responsible  for 
these  different  types  of  growth  is  presented  in  Section  V  of 
this  report. 


In  tne  case  of  the  uniform  fiber  growth,  Figure  1,  no 
conclusion  can  be  drawn  at  present  as  to  the  existence  of  a 
relationsnip  between  grain  size,  shape  and  orientation.  The 
shapes  of  the  grains  are  nighly  irregular,  and  the  diameters  vary 
from  a  few  microns  to  a  few  '  .illimeters.  It  is  noteworthy  that 
no  fiber  growth  occurred  in  the  immediate  neighborhood  of  the 
grain  bound arie  .  In  the  structures  containing  the  circular 
oxide  area:  ,  ’Figure*  2)  the  location  of  the  grain  (cell)  boundaries 
appear  to  be  random,  although  they  traverse  the  composite  region 
more  often  that.  not. 


Fiber  Form  - 


The  observed  tungsten  fiber  shapes  certainly  depend  upon 
orientation  and  composite  growth  conditions,  and  also  often  on 
the  chemical  etching  used  to  remove  a  layer  of  the  oxide  to  ex¬ 
pose  die  fibers  for  SEM  analysis.  A  variety  of  cross  sections 
including  round,  hexagonal,  square  and  rectangular  were  ob¬ 
served.  During  etching,  the  fibers  were  occasionally  altered 
in  such  a  way  that  no  characteristic  crystallographic  growth 
forms  were  discernible.  An  example  of  this  behavior  is  shown 
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,.;.c  re 


Lr  Figure  j,  where  etching  appeared  to  altei  the  fiber  hape  to 
t  geometry  desirable  for  e:  tter  applications . 


Analysis  of  the  various  fiber  growth  forms  and  conditions 
leading  to  their  respective  growth  is  in  progress.  For  example, 
it  1  difficult  to  '  d'-r  tand  nexagonal  fiber  cror.  sections  in 
the  case  df  a  body- centered  cubic  material  s. c.c.),  such  as 
tungsten.  equilibrium  growth  form  f  a  b.c.c.  material  is 

the  rh  >mbo-  :o d e c ahe i ro: .  .  When  this  crystal  model,  which  is 

surrounded  by «(  1.1  }  plant  nly .  is  cut  into  two  equal  halves 
parallel  to  any  ,f  the  trig  p  air.  f  { lio}  plenes,  a  hex ago - 

r.al  croti  action  Is  •:  tairu  :  with  ft  ir  equ&l  length  edges.  The 
remaining  tw  :■  tte  edge:  tv,  be  longer  or  shorter  than  the 
four  equal  c  (deper.cUr  •  n  thi  particular  growth  form  which 

aas  levelopeci).  FI  cur  •  1 .  t  ran  rad  tion  electron  mi  crogra.  > 
of  a  "  L*  •  ,/  *  -r  •  ■’  Ion  of  <  vc  r-  1  W 

r  •  that  cosily  wi-  i  :  r*  seeding  analysis.  Thuc  hexagonal 

r  rose  1  •  :  ’ 
i  l  r-  ’  ‘  ' 


y  - 

l  l 

-*»,r  l 

A  i 

ion  1 

:  *  ri : 

' .  ♦  *  l  W  1  * 

n  foui 

(TO  1  *  " 

i  *  *  t ' 

e:  v/t 

:  lor 

[  J 


\  ,<  :'it  <  r  axis  and  grow* 


7'..  rol  c :  ‘ '  :nl  '  ’ play  in  al'<  ring  fi  V  cr  r.corru  - 

tries  i»  •;:,.]<•> r  investigation,  Figure  si  ver  a  high  ffiagni flea- 
*ion  view  :f  a  single  tungsten  fiber  displaying  an  octagonal 
cross  section.  During  etching  the  fiber  morphology  w&s  changed 
bv  the  different  etching  rate:  among  different  crystallographic 


’-This  micrograph  war  taken  by  C.  S»  Yurt  f  the  Metal  and  Cera¬ 
mics  Division.  Oak  Ridge  National  Laboratory,  Oak  Ridge .  Tenner 


i 


faction  Hi  tht  :'iier  tip 


found  in  the  U02  matrix  and  no  U  was  detected  in  the  W  fibers. 


Orientation  relationships  in  composite  samples  were 
determined  with  a  single  crystal  orienter  (goniostat)  possessing 
several  mutually  perpendicular  and  movable  rotation  axes.  All 
of  the  samples  which  were  studied  contained  the  grain  structure 
shown  in  Figures  1  and  .  A  great  number  of  orientation  rela¬ 
tionships  are  therefore  possible;  however,  preliminary  x-ray 
studies  suggest  two  orientation  relationships  occurred  most 


frequently  in  the  larger  grain:  .  These  were  (00l)w||  (ill)  TJQ 

with[l00jj|  [lio]  U02  and  (liq)J|  (ill)  UQ  with  [llqjjl  floj^  . 

studies  are  in  progress  to  systematically  map  the  oxide-metal 
orientation  relationships  across  the  composite  areas  in  selected 


samples. 
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SECTION  IV 


THEORETICAL  ANALYSIS  OF  ELECTRON  EMITTING  ARRAYS 


Field  emission  of  electrons  from  an  isolated  metallic 
pin  into  vacuum  has  been  extensively  studied,  and  excellent 


reviews  are  available, 


Graphs  and  tables  are  given  in  these 


references  for  the  purpose  of  computing  the  current  density  of 
one  tip  a  a  function  o"‘  applied  electric  field,  work  function, 
and  temperature .  When  a  large  number  of  pins  are  grouped  togeth¬ 
er  to  forr  a  two- Jirnenrional  array,  the  emission  capability  is 
increased ,  but  r.c  a  much  as  1'  naiv<  1  y  expected  from  imple 
multiplication  of  amiss ioh-p£"-nln  times  the  number  of  pins. 
Certain  theoretical  arpec*  s  of  field  emi  r ion  from  such  an  array 
are  given  below,  an;  some  numerical  results  are  graphed. 

The  relevant  equatioj  relating  the  macro,  copic  field 
emission  current  density  J  to  the  actual  electric  field  F  at  the 
emitter  *  in  of  radius  r  for  a  square  array  of  side  a  is  given  by 

J  f(ttr  /a5)BF?  exp-F0/F.  (1) 


The  notations  used  in  this  report  are  presented  in  Table  IV. 

This  equation  is  simply  derived  by  assuming  tha 1  the  effective 

n 

emitting  area  is  Wr  ,  that  the  density  of  pins  per  square  centi- 

_ 

meter  is  a  ‘  ,  and  that  all  other  corrections  are  included  in 
f(see  belov;).  The  presence  of  a  very  dense  array  causes  F  to 
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TABLE  IV 


FIELD  EMITTER  ARRAY  NOTATION 

f  correction  factor 

J  =  macroscopic  current  density  ( amps /cm'  array  ar°a) 
0  work  function 

f(y)  =  image  force  barrier  lowering  term  (see  ref.  6  ) 
B  1.5^  x  \Q~'J /d  (amp  /volt‘ 

F  6.83  x  1  0  f(y)  (volts/cm) 

F  electric  field  it  emitter  tip  (volt;: /era) 

V  voltage  (volts) 

k  field  reduction  factor 

L  cathode-anode  spacing  (cm/ 

a  interpin  spacing  (cm) 

r  pin  tip  radius  (cm) 
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A.  COMPOSITE  GROWTH  EQUIPMENT 


A  schematic  diagram  of  ‘.he  prototype  facility  used  for 
the  oxide  and  oxide-metal  composite  growth  is  shown  in  r’lgure  9. 
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Tnis  facility  provides  both  rotation  and  vertical  translation 
of  the  sample,  and  variable  positioning  of  the  molybdenum  heaters. 
The  system  may  be  evacuated  as  well  as  operated  in  controlled 
atmospheres,  usually  nitrogen  or  nitrogen-hydrogen  mixtures. 

The  prototype  facility  is  currently  operative,  although  the 
design  and  construction  of  the  top  molybdenum  preheater  is  in¬ 
complete.  One  improvement  in  this  growth  facility  is  the  use  of 
a  hydraulic  system  to  raise  and  lower  the  sample.  The  use  of  a 
hydraulic  cylinder,  rather  than  some  type  of  mechanical  drive 
normally  incorporated  in  systems  of  this  type,  should  minimize 
fluctuations  in  growth  rates  and  provide  a  more  stable  liquid- 
solid  solidification  front.  The  small  volume  of  the  growth 
chamber  enables  rapid  changer  in  atmosphere  for  stoichiometry 
control;  preliminary  testing  indicates  that  the  oxygen  and/or 
water  vapor  content  in  the  system  4  r  low  enough  to  Keep  the 
oxidation  of  the  refractory  metals  'o  an  acceptable  level.  The 
location  of  the  rf  coil  outside  ti,--  -.lica  tube  minimizes  arc¬ 


ing  and  the  problems  associated  with  getting  a  satisfactory 
high  frequency  rf  lead- through  into  a  closed  system.  One  draw¬ 
back  of  the  external  work  coil  is  the  inability  to  achieve  close 
sample-coil  spacing  to  improve  coupling;  however,  initial  testing 
of  UO^  and  U02-W  mixtures  using  a  frequency  of  ^ . d  mhz  indicated 
these  materials  could  be  easily  melted  with  the  present  design. 
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ANALYSIS  OF  OXIDE- METAL  SOLI PI.  I CATION 


Since  me  first  growth  cf  the  UO  -W  composite^  ,  there 
a  seen  no  publi  hei  infoir.at io:  on  the  factors  controlling  the 
t ye  -  :  true  tv re  obtained  during  ur.i direct ional  solldi ficat i  i 

of  r.i  <e-netal  fixture:  .  The  structures  c  i  aval  la  Lie  UO,  -Vi  sam¬ 
ple  anti  me  initial  UO,  -  W  composites  grown  on  this  project  havt 
been  analyzed,  and  a  preliminary  interpretation  02'  the  growth 
parameter ;  operative  luring  this  high  temperature  solidification 


U j  -V,  a  tentative  Ua^ruA  is  proposed  in  Figure  10  which  is 
cot.  ••  l with  a  number  f  <  xj  erinent  nl  observations.  The  UO. -K 
l \  !1  g;  -a*  :  •  •  •. •; i  r  indie  a*  <•  i  *  h<  :cy  ( t'-nt;  fort  a  iu’i 

•y  ♦  .  Very  1  iv.i  •  *  i  olid  .  oluhill  ty  i  j  ropo.-od  hocft..(  x-ray 

Lnf  rev  I  on  n  we  1  la*  Me  paramo  t«*r  v»  ry  clor*  to  *  h<  •  1  an  card 
values  for  pure  "1  and  W.  Tb?  eutectic  temperature  cannot  \  r 
more  than  two  or  thres  hundred  degrees  below  4 ).»  melting;  point 
of  UO  ,  because  mel*  ir.g  pure  U0o  or  UO^-W  mixture e  yield'  d  very 

2  cl  c 

similar  ample  surface  temperatures.  Several  preliminary  exper¬ 
iments  performed  at  the  Oak  Ridge  Rational  Laboratory*  bav<  ex¬ 
plored  melting  U0„  crystals  on  a  tungsten  ribbon  filament.  Tft< 

~  c; 

reaction  (eutectic  temperature)  between  the  oxide  and  metal 
occurred  at  2 6j40  1  30°C.  The  eutectic  composition  is  estimated. 


'■personal  communication.  Benjamin  Oliver,  consultant  to  1  he 
Metals  and  Ceramics  Division,  Oak  Ridge  National  Laboratory 
Oak  Ridge.  Tennessee. 
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oil  diffusion  pump,  a  water  cooled  chevron  baffle,  a  freon  cooled 

baffle,  a  mechanical  pump  and  associated  pumping  and  bakeout 
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controls.  A  base  pressure  of  the  order  of  1  x  10"  torr  is 
attainable  without  bakeout.  All  feedthroughs,  with  the  exception 
of  the  high  voltage  feedthrough,  art  of  the  coaxial  type  permit¬ 
ting  shielding  of  all  instrumentation  leads. 

The  assembled  diode  structure  is  shown  in  Figure  14.  The 
molybdenum  anode  and  cathode  structures  have  variable  axial  spac¬ 
ing  .  All  insulators  are  steatite  or  alumina.  The  polished  and 
etched  oxide-metal  composite  emitter  is  mounted  on  the  cathode 
rod  with  silver  paste.  A  negative  potential  is  applied  to  the 
emitter  and  the  current  collected  by  the  anode  is  measured  with 
an  electrometer  and  a  strip-chart  recorder.  A  protective  series 
resistor  is  included  in  the  circuit  to  prevent  damage  to  the 
electrometer  and  the  sample  should  a  short  circuit  between  the 
emitter  and  collector  inadvertently  occur. 

«•  •  •  t  •  *•  •  H  # 

•.  *  m  *  -*  •. 

B.  PRELIMINARY  FIELD  EMISSION  RESULTS 

Preliminary  data  have  been  obtained  from  a  single  UO^-W 
composite  employing  a  sample-to-anode  spacing  of  approximately 
0.010  inch.  With  this  spacing,  a  current  density  of  greater 
than  10""  amp/cm  was  measured  with  an  applied  potential  of  800  V, 

2^  o 

and  a  current  density  of  greater  than  10"  '  amp/cmc  was  observed 
with  an  applied  voltage  of  2300  V.  Reversing  the  potential 
applied  to  the  test  diode  conclusively  showed  that  the  current 
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was  due  to  true  electron  emission.  The  short  term  stability 
of  the  emission  appeared  to  be  poor;  fluctuations  of  ^20  percent 
were  not  uncommon. 


These  short  term  fluctuations  could  conceivably  be  due 
to  some  type  of  gaseous  breakdown  within  the  test  diode  or  to 
come  dynamic  process  involving  tne  transfer  of  emission  from 
different  groups  oi  pins,  at  is  anticipated  that  the  lower  pres' 
sure  attainable  with  system  takeout  (estimated  to  be  less  than 
1 ^  torr)  will  greatly  reduce  any  breakdown  effects  and  thus 
facilitate  a  determination  of  the  cause  of  tne  unstable  current. 


In  spite  of  the  apparently  puor  short  term  stability, 
the  average  current  as  monitored  with  a  recorder  did  not  change 
by  more  than  a  few  percent  over  a  period  of  approximately  2U 
hours.  Also,  within  reasonable  limits,  the  average  current 
measurements  were  reproducible  over  the  test  period  of  approxi¬ 
mately  one  week.  However,  it  was  noted  that  there  appeared  to 

\  m-  •  *  «•  w 

be  an  increase  in  the  emitted  current  with  tinfST*  The  cause  of 


this  apparent  increase  is.  unknown  and  is  being  investigated. 
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embodied  is.  an  oxide  matrix 


months  work  has  been  underway  on 
development  c:'  melt-grown  oxide- 
be tween  b  ar.d  .r  million  less  than 
:  or  snare  cm  time  ter.  uniformly 
and  tr.e  evaluation  f  '.here  rnate- 
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rial  for  electron  ‘-mission  a:  plica*  :  .  n. 

Is  Uvl.de  1  into  fiy?  area  *o  the  ; 

1  Ur  ii  li  roc  t  tonal  Sol'  li  fica*  io: 

Me'  al  'ys*e"  . 


.  Tr .<  n  i 1  ai  oli  program 
r  !ec*  c  t  fleet  ivei? ; 

B<  '.avii  r  of  Oxide- 


(2)  Structural  a:,  I  Chemical  Character  1  ration  of  Oxide- 
Metal  Composi'e  . 

(3)  Theore'ical  Analysis  f  Elec3 4 5  ron  Emi 4 4  inf  Arrays. 

•  ♦  •  •* 

(’*■)  Formation  of  Optimum-Bni  * 4 1  ng  Arrays. 

(5)  Electron  Emission  Measurements . 


A  number  of  oxides,  oxide  compounds  and  oxide  mixtures 


have  b^en  tested  to  determine 


their  suitability  for  induction 


melting  using  high  frenuency  rf  heating.  Only  7r0-  (OO  or 
YpO^  stabilized),  ZnO ,  CdO,  NiO,  Cr-0?,  TiO^  .  CeO~ .  Zn0-Ti02, 
ZnO’AlgO^.  BaTiC^  and  mixtures  of  NiO-MgO  and  Alo0^-Ni0  were 
melted  from  the  many  materials  tested;  and,  of  this  list,  only 
the  stabilized  ZrO^  and  CeO^  established  stable  enough  molten 
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geometries  to  warrant  further  study  with  metal  additions.  An 
analyse  of  some  or  the  difficulties  encountered  melting  oxide 

.  seating  and  future  approaches  designed  to 

C‘  rnale-rials  which  may  be  induction  heated  are 

pre  :ented . 
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A  the0fetlc&1  fA*ld  e*lsslon  notel  ha:  beet i  developed  to 
Pr°VtlP  at‘  lr  *°  *h°  rif>li  'iir<  ribuf  ion  in  the  vicinity 

°'f  *  P°ri0diC  a"ay  °f  This  analy:  It  indicates 

desirable  pin  rpacings  for  maximum  current  density  and  the  effect 

pm  diameter  and  interelect  rode  rpacinr  will  havf  on  the  voltage 

needed  to  pi'oducc  different  el^c^rir  n  u  . 

-  -  rjC  fields.  Graphs  illustrating 

this  information  are  included. 

The  growth  and  analysis  of  oxide-metal  composites  has 

p rog re  red  to  the  point  where  preliminary  interrelation  of  the 
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different  types  of  microstructures  obtained  in  the  system  UO„-W 

t 

can  be  made  using  starting  oxide-metal  ratios,  a  proposed  phase 
diagram,  and  growth  parameters.  Typical  composite  structures 
obtained  during  the  controlled  solidification  of  UO  -W  mixtures 

C 

are  sh  wrt  in  Figure  11  of  this  report.  The  chemical  etching 
technique  used  t o  dissolve  a  layer  of  the  oxide  matrix  and  expose 
the  V  fibers  for  emission  testing  and  analysis  in  the  SEM  is 
described. 


a  s  tu  i  y  c:  the  field  emi  s  rio:.  obtainable  from  oxide-metal 
under  ambient  temperature  conditions  has  been  initia¬ 
ted.  A  s’  "ii.nl*- v Steel  ultranigh  vacuum  rys’.em  in  conjunction 
wl-h  i  diode  structure  is  employer-  for  this  testing.  Parameters 
under  drive  tlgatlon  include  Sit  d>  el i  ct  roue  spacing ,  field 


strength,  critical  cur  re: 


*  ha’  current  density  at  which 


fin  1  image  icur  .  lm  it  r  w<  r.  and  miUrr  lifetime.  Initial 
testing  of  a  single  suitably  etched  U0„-W  sample  was  most  encour- 

agLr.r  as  field  emission  was  readily  obtained  at  a  reasonable  ap- 

*  •  ♦ 

plied  voltage.  Reversing  *  he  potential  applied  to  th*  test  diode 

conclusively  showed  that  the  current  was  due  to  true  electron 

emission.  During  this  first  test  the  current  density  was  low. 

-h  2 

approximately  10  amps  per  cm  .  and  erratic;  but  the  average 
current  remained  within  several  percen4  for  a  reasonable  time 
pen  ’1.  Emission  er  ‘  ng  of  different  oxide-metal  geometries  is 
continuing. 
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